Introduction
Since its emergence in the 1980s, microfluidics has been widely used in the development of systems such as microreactors for chemical, biological processes and lab-on-a-chip (LOC) for chemical and biochemical analysis [1, 2] . Valving, concentrating and separation of molecules in a minute amount of liquid and on a single device are challenging tasks in this development. These challenges lead to the necessity of miniaturising active functions and the integration of microfluidic components such as microvalves, micropumps, microsieves and micromixers [1, 2, 3] . Silicon and glass were the first substrate materials utilised for the fabrication of microfluidic devices.
Despite the advantages of using glass and silicon as substrate materials for microchips fabrication, these devices have limitations such as the high cost due to their specialised fabrication processes. Recently, the rapid expansion of microfluidics-based biochip market leads to the need of cost effective materials and fabrication techniques. The low cost also allows the single use of these devices. Polymers have become one of the favoured materials for microfluidic devices, as they possess excellent optical properties. Polymers are disposable, biocompatible, easy and cost-effective to fabricate and suitable for mass fabrication. A variety of polymeric materials with unique physical and chemical characteristics is available. Some of these materials are thermoplastic polymers such as polymethyl methacrylate (PMMA), polycarbonate (PC), cyclic olefin copolymer (COC) or cyclic olefin polymer (COP) and elastomers such as polydimethylsiloxane (PDMS). Both PMMA and PDMS are popular in the fabrication of microfluidic devices.
PDMS is widely used for both prototypes and commercial devices. Mi-crochannels are usually fabricated in PDMS using soft lithography approach [4] . With a low Young's modulus of approximately 750 kPa, PDMS is flexible, permeable to gas and compatible to most non-organic solvents. These properties make PDMS suitable for the fabrication of pneumatic microvalves.
A flexible PDMS membrane is an important component of peristaltic micropumps. Multi-layer soft-lithography process for microfluidic systems was reported by Unger et al. [5] . In these systems, the microchannels are separated from the pneumatic chambers by a thin PDMS membrane [6] . Zhang et. al. [7] reported a multi-layer micropump consisting of a thin layer of PDMS sandwiched between two PMMA layers. The PDMS layer acts as the actuating membrane and the PMMA layers accommodate both pneumatic chambers and microchannels. The PDMS/PMMA bond was not strong and can be easily detached. Kim et. al. [8] modified PDMS with polypyrrole, a conductive polymer, to create a membrane that was encased in a PMMA device.
Besides PDMS, PMMA is another popular polymeric material for microfluidic devices. This thermoplastic is cheap, easy to mass produce, rigid, transparent, impermeable to air and compatible with electrokinetics. PMMA can be machined using hot embossing, injection moulding, laser ablation and solvent imprinting [9] .
Bonding polymeric materials to obtain sealed microfluidic devices was one of the technological challenges [10] . The simplest and cheapest form of bonding two PMMA substrates is adhesive bonding. However, liquid adhesives can clog the microchannels. Partially cured PDMS as an adhesive layer for bonding PMMA was also investigated [11] . Thermal fusion bonding is a commonly used technique for fabricating PMMA devices [12, 13, 14, 15, 16 ].
An advantage of direct thermal bonding is the homogenous surface property when identical materials are used for both the substrate with microchannels and the cover layer. Another technique is solvent bonding. Chlorocarbon solvents such as chloromethane dichloromethane and chloroform can be used for bonding PMMA pieces. Similar to bonding with liquid adhesive, these organic solvents often clog the microchannels as they can dissolve PMMA easily. Lin et. al. [17] reported the use of low azeotropic solvent to bond PMMA microfluidic devices without clogging the microchannels.
Due to the different surface properties of PDMS and PMMA, bonding them is not an easy task. It is not possible to initiate irreversible bond by treating both surfaces with oxygen plasma. A number of technologies were developed for bonding PDMS to PMMA such as surface modification by chemical vapor deposition (CVD), silane/silicate coating and adhesive coating [18, 19, 20] . A few research works reported the modification of PMMA surface with silanization. This method gives the modified PMMA surface a silane matrix similar to glass, allowing it to be treated by oxygen plasma and bonded to PDMS. Vlachopoulou et. al. [19] reported a method of bonding PMMA to PDMS using surface treatment of PMMA with aminopropyltriethoxysilane (APTES). The bond was irreversible. However, contact with water causes the Si-O-C bond to hydrolyse. Lee et. al. treated the PMMA surface with isopropxy modified by bis-trimethoxy-silyl-propyl-amine, which is capable of forming hydrolytically stable bonds between PDMS and modified PMMA [20] . Recently, Suzuki et al. [21] spin-coated slica gel to form a glass-like surface on thermoplastics including PMMA, PC, polyvinyl chloride (PVC) and polypropylene (PP). The bonding strengths between PDMS and these coated thermoplastics were comparable to that between PDMS and glass.
This paper reports a novel method of bonding between PMMA and PDMS using an adhesive film. A hybrid membrane consisting of an adhesive layer and a PDMS layer works was used as the pneumatic actuator in a peristaltic micropump. The performance of our pump is compared to peristaltic pumps reported in recent years [22, 23, 24, 25, 26] . This bonding technique reported here is easy to implement and cost effective. Furthermore, contact to aqueous media does not cause the PMMA/adhesive/PDMS bond to delaminate. The PDMS part with microchannels was fabricated using soft lithography.
Materials and methods

Materials
Fabrication process
Similar to the pneumatic chambers, the microfluidic patterns were designed using AutoCad, and subsequently transferred on a polymeric mask using a high-resolution laser printer. A clean 4-inch silicon wafer (Bonda, Singapore) was spin coated with the photoresist SU8-100 (Microchem, Newton, MA, and 17 kPa (2.5-mm membrane), the slope of the deflection curve changes significantly. This change and the hysteresis may be caused by the tear-off effect of the more rigid adhesive layer, making the overall membrane becomes softer. At higher pressures (beyond 16 kPa for 3-mm membrane and beyond 18 kPa for 2.5-mm membrane), the slope decreases again, Fig. 4(a) .
Results and Discussions
Characterization of adhesive/PDMS membrane
In this regime, the deformed membrane take the shape of a baloon and the non-linear stiffening effect may take place. The thickness of the hybrid membrane is limited by the 25-µm thick adhesive layer. The thickness of the PDMS layer can be controlled by the spin speed and the spinning time. As shown in the membrane characterization above, the thick membrane needs a relatively large area to warrant large deflection at a relatively low actuation pressure. If the PDMS layer is 10 µm thick, the membrane size can be reduced to 100 µm to 500 µm.
Operation and characterization of the peristaltic micropump
As shown in Fig. 1(e) , a peristaltic pump was fabricated by bonding the PMMA wafer with the adhesive/PDMS membrane on a PDMS part containing the microchannel of the pump. When the rigid PMMA pneumatic chambers are filled with compressed air, the the membrane deflects to the bottom of the microchannel, which has a height of only 150 µm. Fluid flow inside the microchannel is sealed off and displaced by combining the peristaltic motion of the three actuating membrane as depicted in Fig, 6 . The the relay circuit. In order to pump the liquid in one direction, the three actuating membranes are controlled in a peristaltic manner. Table 1 shows the actuating sequences of the peristaltic micropump. The "on" and "off"
states are indicated as "1" and "0", respectively. The six states listed in Table 1 form one pumping cycle. Therefore, if the pump is operating at a frequency of f , each state should last 1/(6f ) seconds.
In the characterization experiments, the pumping frequency was varied.
Compressed air at 138 kPa works as the pressure source. The average pumping velocity v = x/t was determined by measuring the displacement of the front meniscus x in the tubing connected to the pump and the corresponding time t. With the known cross-sectional area A of the tubing, the flow rate can be determined as Q = v × A. In the experiments, the measurement time was fixed at t = 120 sec. The uncertainties in measuring the time and the displacement are ∆t = 0.1 sec and x = 0.5 mm. The error propagation for the average pumping velocity can be determined as:
Thus, the error in the measured velocity consists of two components: ∆v = ∆x/t from length measurement and the relative error ∆v/v = ∆t/t from time measurement. Applying this error analysis to our experiment, the systematic error contributed by the length measurement is 0.5 µl/min and the relative systematic error contributed by the time measurement is 0.8%. [24] and Lee et al. [25] . The chart plots the performance of the pump based on the maximum flow rate and the pumping frequency of this flow rate. Since the peristaltic pumping is a displacement concept, for a given pump design, the flow rate is higher with higher pumping frequency. A pump with high performance (high throughput) will be located at the top left corner of the chart. The line in the chart represents the linear fit of the coordinates of our pump and the pumps of Ok and Satoshi [26] as well as of Yang et al. [22] . Fig. 9 shows that our pump belongs to the upper performance class among peristaltic micropumps.
Conclusions
We report a novel technique of bonding PMMA to PDMS in a muti-layer polymeric microfluidic device. This technique is based on the concept of laminating a thin layer of dry adhesive on the PMMA substrate followed by spin coating a layer of pre-cured PDMS mixture. These layers then undergo thermal curing followed by oxygen plasma to bond irreversibly to another 
